Huntington disease (HD) manifests in both adult and juvenile forms. Mutant HTT gene carriers are thought to undergo normal brain development followed by a degenerative phase, resulting in progressive clinical manifestations. However, recent studies in children and prodromal individuals at risk for HD have raised the possibility of abnormal neurodevelopment.
Introduction
Huntington disease (HD) is a fatal, autosomal dominant neurodegenerative disorder. The disease is caused by a polymorphic CAG repeat expansion, encoding an extended polyglutamine (polyQ) tract, in the huntingtin (HTT) gene to greater than 36 repeats [1] . There is an inverse relationship between the length of the pathogenic CAG repeat and rate of disease onset, with repeat lengths in the 40's generally resulting in disease onset in the fourth decade whereas repeat lengths greater than 60 lead to juvenile onset in childhood (<10 years) or adolescence (<20 years) [1, 2] .
Given the age-dependent nature of the disorder, studies to date have largely focused on understanding the degenerative processes that manifest in adulthood. However, studies in prodromal individuals and children at risk for the disease have raised the possibility that mutant HTT may lead to abnormal neurodevelopment, in addition to its neurodegenerative effects in HD. For example, intracranial volume, a surrogate of maximal brain growth achieved during development, is smaller in pre-manifest HD mutation carriers [3] . Similarly, head circumference, which correlates closely with intracranial volume, is smaller in children who carry the HD mutation and who are estimated to be decades from onset [4] . Moreover, the morphology of brain regions is substantially different in adult pre-manifest HD mutation carriers, with increased volume of the cerebral cortex and decreased volume of the basal ganglia and cerebral white matter [5] . A recent longitudinal study in children and adolescent HD gene carriers who were estimated to be on average 35 years from clinical onset revealed that an initial hypertrophy of striatal volume precedes the volume decline that develops with age [6] . Furthermore, two recent whole-exome sequencing studies have identified compound heterozygous variants in the HTT gene in patients with Rett-like syndrome, a neurodevelopmental disorder [7, 8] . These findings suggest that mutations in HTT can lead to abnormal neurodevelopment.
Studies in mouse models support this notion and have demonstrated a role for normal HTT in brain development. Loss of HTT has been shown to cause profound neurodevelopmental abnormalities, including striatal and cortical malformation [9] [10] [11] . In early corticogenesis, HTT was shown to be required for proper mitotic spindle orientation, a key determinant of cortical progenitor fate [12] . Loss of HTT in cortical progenitors decreased their proliferation [12, 13] and promoted their differentiation [12] . Furthermore, depletion of HTT impaired the polarity and migration of post-mitotic neurons [14, 15] , processes that are critical for neuronal identity specification and cortical lamination [16, 17] .
Studies have also implicated mutant HTT in abnormal neurodevelopment. Similar to loss of normal HTT, mutant HTT has been shown to disrupt mitotic spindle orientation in neural stem cells [18, 19] and cortical progenitors [20] , as well as the migration of post-mitotic neurons [14] . However, the impact of mutant HTT on early neurogenesis is less clear. Indeed, studies examining neurogenesis using mouse HD stem cells have given conflicting results showing that mutant HTT both impairs neurogenesis [21] and promotes it [13, 22] . Efforts to examine the impact of mutant HTT on neurodevelopment and neurogenesis using human pluripotent stem cells (hPSCs) having been similarly unclear [18, 19, [23] [24] [25] [26] (reviewed in [27] ). Mutant HTT was shown to impact early ectodermal development, reflected in an altered phenotypic signature, in an in vitro model of neurulation [28] . Based on transcriptional analyses of hPSCs [26] , neural progenitors [23, 25] , and neurons [24] , a number of studies 2/26 have also suggested that mutant HTT impairs neural progenitor differentiation and delays neuronal maturation. However, assessment of cortical neurogenesis showed no effect of mutant HTT on the quantity or timeline of differentiation of deep and upper layer cortical neurons [24] . These studies have largely relied on directed differentiation of embryonic or induced pluripotent stem cells in two-dimensional culture systems to induce neurogenesis. One exception is a recent study using tridimensional HD hPSC-derived cortical organoids which presented evidence of delayed neuronal maturity based on transcriptional profile analysis, suggesting that mutant HTT precludes normal neuronal fate acquisition [29] .
Here, using a novel panel of isogenic HD human embryonic pluripotent stem cells and cerebral organoids, we investigated the impact of mutant HTT and CAG repeat length on early neurodevelopment. Cerebral organoid-based modeling of early neurodevelopment helps overcome some of the limitations of two-dimensional neuronal systems, allowing for a better approximation of the cellular organization and complexity of the developing human brain [30] . Furthermore, the isogenic human-based system ensures a more faithful portrayal of disease processes during neurodevelopment compared with rodent models. We find that ventricular zone-like neuroepithelial progenitor layer expansion is blunted in a HTT CAG repeat length-dependent and cell intrinsic manner due to premature neurogenesis in HD cerebral organoids. We further identify impairments in cell cycle regulatory processes, which may collectively contribute to premature neuronal differentiation. Finally, we demonstrate increased activity of the ATM-p53 pathway, an up-stream regulator of cell cycle processes, and show that treatment with ATM antagonists partially rescues the blunted neuroepithelial progenitor expansion in HD organoids.
Results

Expanded HTT CAG repeats lead to a reduced number of large neuroepithelial structures in cerebral organoids
To understand the effect of HTT CAG repeat length on early neurodevelopment and organization, we generated cerebral organoids from a panel of isogenic HD (IsoHD) hESC lines harboring HTT CAG lengths of 30, 45, 65 and 81 repeats, alleles that are associated with control, adult-, adolescent-, and juvenile-onset HD, respectively [1, 2] . For each line, we chose 2-3 independent hESC clones with confirmed pluripotency, normal karyotype, and stable maintenance of the HTT CAG repeat tracts [31] . The hESC lines were induced to form cerebral organoids using an established protocol [30] whereby suspended hESCs are reaggregated to form embryoid bodies (EB) that grow to form neuroectoderm and contain neuroepithelium that expands over time ( Figure 1A) . At day 28 of cerebral organoid formation, a time-point which mimics 2-3 months of human in vivo brain development [32] , the sizes of the organoids were measured. No difference in organoid size between hESC lines with different CAG lengths was detected ( Figure 1B) .
A hallmark of early forebrain development is the formation of large continuous neuroepithelial structures with well-defined progenitor zones and neuronal populations [33] . To examine the formation of large radial structures in day 28 organoids, we sectioned each organoid at 200µm intervals and counted the number of radial structures with diameters over 200µm for each IsoHD line. Cumulative frequency analysis showed a shift towards smaller radial structures in IsoHD-81Q and IsoHD-65Q organoids compared with IsoHD-45Q and IsoHD-30Q lines ( Figure 1C ). In 81Q organoids, radial structures larger than 400 µm were not found, and the number of radial structures with diameters in the 200-400µm range was significantly lower than those found in 30Q control lines ( Figure 1D ). 
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The majority of the IsoHD-81Q radial structures were less than 200µm in diameter with immature and rosette-like characteristics. In IsoHD-65Q organoids, the number of large radial structures was also significantly lower than in IsoHD-30Q control organoids, whereas for IsoHD-45Q, large radial structures were frequently seen, similar to controls. The results indicate that the number of radial structures decreases with the expansion of the HTT CAG tract in a CAG repeat length-dependent manner. We then examined day 21 organoids ( Figure S1A ). At this earlier time-point, organoids with different CAG lengths showed a similar number of radial structures with diameters over 200µm ( Figure S1B ). Radial structures larger than 400µm were absent in day 21 organoids from all CAG repeat lengths. This indicates that the lack of large radial structures in IsoHD-81Q organoids at day 28 is not due to an inability to form neuroepithelium but rather a failure to expand such structures.
Next, we characterized the cerebral organoids and radial structures using neuroepithelial and neural progenitor markers, focusing on IsoHD-30Q and 81Q organoids. Immunofluorescence staining showed that in day 28 IsoHD-81Q organoids, PAX6+ radial structures were small, immature, and rosette-like ( Figure 1E ). Progenitor cells in the small IsoHD-81Q radial structures ( Figure 1F ,i) were lacking in organization with PAX6+ and SOX2+ cells found scattered beyond the radial structures ( Figure 1F ,ii,iii). Similarly, Ki67-positive proliferating cells appeared to be disorganized and scattered away from the apical surface of the neuroepithelial layer in IsoHD-81Q organoids ( Figure 1F ,iv, 1G). Despite the altered distribution of Ki67+ cells, qRT-PCR analysis showed comparable levels of Ki67 across all CAG lengths ( Figure 1H ). The presence of comparable levels of actively proliferating cells in the different IsoHD lines may explain our observation that HD organoids grew to a similar size compared with 30Q control organoids despite the reduced size of radial structures.
With extended culture to 42 days, both 30Q and 81Q organoid express cortical neural marker CTIP2 and the significant difference of radial structures between 30Q and 81Q still remains ( Figure S2 ).
Because specific neural region formation in organoids is highly variable, the experiment was repeated with a short treatment of GSK inhibitor (CHIR99021) and a TGF-beta inhibitor (SB431542) before organoid embedding to promote consistent forebrain tissue formation [34, 35] . Immunostaining showed consistent forebrain marker FOXG1 expression in both 30Q and 81Q organoids. qRT-PCR analysis showed expression of dorsal forebrain identity markers PAX6, FOXG1, OTX2, and TBR1 with no expression of ventral identity markers GSX2 and NKX2.1 for both IsoHD-30Q and 81Q lines ( Figure S3 ). Consistently, a significant difference in the size of neuroepithelial radial structures between 30Q and 81Q was identified in these forebrain-patterned cerebral organoids ( Figure S4 ).
HD hiPSC-derived cerebral organoids show abnormal neuroepithelial structures similar to IsoHD lines
To verify the abnormal neuroepithelial formation phenotype observed in IsoHD lines, we next used HD hiPSCs with 18Q, 71Q and 109Q [36] to form cerebral organoids. Control 18Q hiPSC-derived organoids contained large radial structures, some over 600µm in diameter with an expanded layer of PAX6+ and SOX2+ progenitor cells (Figure 2A -C). However, such structures were not found in the 71Q and 109Q HD hiPSC-derived organoids. Most radial structures in the 71Q and 109Q cerebral organoids were smaller than 200 µm in diameter with rosette-like morphology (Figure 2A ,C). Similar to IsoHD organoids, a TBR2-positive layer of cells was not found in 71Q and 109Q organoids. However, there were several individual TBR2-positive cells located around small rosette-like structures indicating that the capacity to form TBR2-positive cells in HD organoids was not impaired, and that the absence of a TBR2-positive cell layer was most likely due to the reduced size and abnormal development of radial structures ( Figure 2B ). TBR2 mRNA levels were reduced in 109Q cerebral organoids, consistent with the immunostaining findings ( Figure 2D ).
These results indicate that IsoHD hESC-and HD hiPSC-derived cerebral organoids exhibit similar phenotypes, demonstrating impaired formation of large radial structures and neural progenitor organization.
Cell-intrinsic mechanisms drive the abnormal development of neuroepithelial structures in IsoHD-81Q cerebral organoids
To investigate whether abnormal neuroepithelial formation in IsoHD-81Q cerebral organoids reflects cell-intrinsic mechanisms, we performed a chimerism experiment in which IsoHD-81Q hESCs labeled with GFP were co-cultured in a 1:1 ratio with unlabeled IsoHD-30Q hESCs and then induced to form forebrain organoids ( Figure 3A) . At day 28, large radial structures were formed by the co-cultured cells. However, close examination revealed that large radial structures over 400µm in diameter were formed solely of IsoHD-30Q cells and were devoid of IsoHD-81Q-GFP+ cells ( Figure 3B ,i). This observation suggests an intrinsic inability of IsoHD-81Q cells to form large radial structures. In chimeric radial structures containing 81Q-GFP+ cells, we observed a disturbed and disorganized neuroepithelial layer with many PAX6+ cells located away from the VZ-like layer ( Figure 3B ,ii).
The disorganization was more pronounced in structures with more integrated 81Q-GFP+ cells ( Figure 3B 
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was highly correlated with the increase of GFP positive cells ( Figure 3C ,i). To rule out the contribution of GFP-labeling to the IsoHD-81Q phenotype, we labeled IsoHD-30Q cells with GFP and formed chimeric organoids with unlabeled IsoHD-30Q cells. The formed chimeric organoids confirmed that GFP-labeled IsoHD-30Q cells maintained their ability to form large neuroepithelial structures ( Figure S5 ). Furthermore, there was no significant correlation between PAX6 positive and GFP positive progenitor cells in radial structures ( Figure 3C ,ii). Taken together, these findings suggest that the blunted radial structures in IsoHD-81Q cerebral organoids result from cell autonomous deficits in the ability of IsoHD-81Q cells to form expanded neuroepithelia.
RNA-seq analysis reveals disruption of key cell cycle regulatory pathways in IsoHD-81Q cerebral organoids
To understand the cellular mechanisms underlying the abnormal neurodevelopment in IsoHD organoids, we performed RNA-seq analysis on IsoHD-30Q and 81Q organoids at day 28 of differentiation ( Figure 4 ). Three separate clonal lines each were used for IsoHD-30Q and 81Q, and three organoids were pooled for each clonal line. Multi-dimensional scaling (MDS) of the gene expression data revealed a clear separation in transcriptional profiles between the IsoHD-30Q control and the 81Q HD organoids ( Figure 4A ). We identified 1,890 differentially expressed genes (DEGs; false discovery rate (FDR) <10%) between IsoHD-30Q and 81Q, of which 773 genes were downregulated and 1,117 genes were upregulated in 81Q organoids, as depicted in the volcano plot ( Figure 4B ). Functional annotation of genes downregulated in IsoHD-81Q organoids using gene ontology (GO) analysis showed an enrichment for GO terms related to mitosis and cell cycle processes ( Figure 4C ). To examine whether certain DNA binding site motifs were enriched in the downregulated DEGs, we applied a motif-discovery algorithm, HOMER [37] . Consistent with the enrichment of DEGs for cell cycle genes, E2F and MYB consensus-binding motifs were identified as the top two motifs enriched amongst genes downregulated in IsoHD-81Q organoids ( Figure 4D ). The transcription factors (TF) E2F and MYB play a key role in cell cycle control [38, 39] . Expression levels of several members of the E2F TF family such as E2F1, E2F3, E2F4 and E2F5 were significantly lower in IsoHD-81Q compared with 30Q organoids ( Figure 4E ). Further annotation using the Pathway Interaction Database [40] , a curated collection of regulatory and signaling pathways, corroborated this finding ( Figure 4F ). The top enriched pathways amongst down-regulated genes included E2F, FOXM1, and c-Myc TF networks, along with PLK1 and Aurora B signaling, all pathways that play key roles in different phases of the cell cycle ( Figure 4G ). A heatmap gene expression from representative genes in these pathways is shown in Figure [ 
Premature neurogenesis in IsoHD-81Q cerebral organoids
We next examined the profile of genes up-regulated in IsoHD-81Q compared with IsoHD-30Q cerebral organoids. Surprisingly, GO analysis showed enrichment of neurogenesis and neuronal development-related processes ( Figure 4I ). Consistent with the enrichment analysis, levels of the neuronal maturation markers MAPT (encoding tau) and RBFOX3 (encoding NeuN) were significantly increased in IsoHD-81Q cerebral organoids ( Figure 4J ). NeuN immunostaining in IsoHD-81Q organoids showed a higher percentage of positive cells than that of IsoHD-30Q ( Figure 4K ). In addition, expression levels of cortical layer I and II markers, CUX1 and REELIN, were significantly higher in IsoHD-81Q organoids compared with IsoHD-30Q ( Figure 4L ). Furthermore, we compared the transcriptome of IsoHD-30Q and 81Q organoids with published gene expression profiles of human fetal 8/26 brain from three different cortical regions ranging from 8 pcw (post-conception week) to 4 months from the Allen Brain Atlas. The results showed that the transcriptome of IsoHD-81Q cerebral organoids was more closely correlated with later stages of human in vivo brain development (16-21 pcw) than that of IsoHD-30Q ( Figure 4M ). Collectively, these results point to premature neurogenesis in the IsoHD-81Q as compared with the IsoHD-30Q cerebral organoids.
Increased G1 length in IsoHD-81Q neural progenitors
The importance of cell cycle regulation in neural development is well established [41, 42] .
As neural progenitors become neurogenic, their cell cycle lengthens due to an extended G1 phase [43] . These changes in the cell cycle are key regulators of fate specification during early neurogenesis. Indeed, increasing the length of the cell cycle by down-regulating cdk activity promotes neuronal differentiation [44] . Conversely, shortening of the cell cycle by overexpression of cdk4/cyclinD1 promotes neural progenitor proliferation and expansion and delays neurogenesis [45] . We reasoned that premature neurogenesis in IsoHD-81Q cerebral organoids may be partly due to increased G1 length. To test this hypothesis, we used the Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) assay [46] to label neural stem cells derived from IsoHD-30Q and 81Q in different phases of the cell cycle ( Figure 5A ). Timelapse recording of the cell cycle revealed that IsoHD-81Q neural stem cells exhibited a significantly longer G1 duration than 30Q ( Figure 5B) . No difference in the length of the S/G2-M phases was observed between IsoHD-81Q and 30Q neural stem cells ( Figure 5C ).
Reduced symmetric division of apical progenitors in IsoHD-81Q cerebral organoids
During embryonic corticogenesis, a single layer of neuroepithelial progenitors is formed that subsequently expands through symmetric divisions [33] . Following an initial expansion phase, the division of neuroepithelial progenitors becomes more asymmetric, leading to the generation of intermediate progenitors that move away from the ventricular zone. Intermediate progenitors subsequently give rise to post-mitotic neurons through further asymmetric division [47] .
We hypothesized that the cell cycle impairment in IsoHD-81Q organoids may skew apical cell division of neuroepithelial stem cells to be more asymmetric, precipitating smaller radial structures in IsoHD-81Q cerebral organoids. We thus examined the proportion of apical progenitors undergoing symmetrical and asymmetrical division by dual staining for the mitotic cell marker phospho-histone 3 (serine-28; pHis-H3) and pericentrin (PCNT), a component of the centrosomes which also marks the apical neuroepithelial surface. Progenitor cells undergoing symmetrical division were identified by a division angle of 60-90°whereas those undergoing asymmetric division were identified by a division angle of 0-30°( Figure 5D ). Assessment of division angle identified a significantly higher percentage of symmetrical apical division, which is associated with neuroepithelial expansion in IsoHD-30Q control organoids ( Figure 5E,F) . Conversely, we observed a higher percentage of asymmetrical apical division, which is associated with a neurogenic switch, in the IsoHD-81Q organoids (Figure 5E,F) . Consistent with the increase in asymmetric apical division, we observed a reduced percentage of proliferating apical (pHis-H3+) cells in IsoHD-81Q organoids compared with IsoHD-30Q ( Figure 5G,H) . These findings indicate that reduced symmetric division may contribute to the blunted expansion of neuroepithelium in HD cerebral organoids.
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Elevated activity of the ATM-p53 pathway contributes to the impairment in neuroepithelium expansion in HD cerebral organoids
The protein kinase ataxia telangiectasia mutated (ATM), a member of the phosphoinositide 3-kinase (PI3K)-related protein kinase family, is a key up-stream regulator of cell cycle (F) Significantly more asymmetrically dividing apical cells were identified in IsoHD-81Q radial structures, whereas more symmetrically dividing cells were identified in IsoHD-30Q radial structures. Mann-Whitney U test, ***p<0.001. (G,H) Immunostaining of IsoHD-30Q and 81Q organoids for the mitosis marker pHis-H3 (red) and BrdU (green) at day 28 (G) shows significantly less apical mitosis in IsoHD-81Q compared with IsoHD-30Q cerebral organoids (H). Two-tailed t-test; **p<0.01.
11/26
processes [48] . ATM is activated in response to DNA damage, oxidative stress, and altered chromatin structure, and phosphorylates multiple targets, ultimately resulting in the activation of the p53 pathway and downstream cell cycle control processes. A recent study showed that ATM activity is elevated in HD animal and cell models [49] . Thus, we reasoned that the dysregulation of cell cycle processes in IsoHD-81Q cerebral organoids may be, in part, due to elevated ATM-p53 signaling. To test this, we examined the ATM-p53 pathway by immunoblotting control and HD cerebral organoids. We observed an increase in the levels of pKAP1 (Serine-824), a specific marker of ATM-dependent pathway activation, in IsoHD-81Q organoids compared with IsoHD-30Q ( Figure 6A ). We further observed stabilization of p53 protein levels in IsoHD-81Q cerebral organoids that correlated with upregulation of p21 protein expression, indicating an activation of the p53/p21 pathway ( Figure 6A ). Together, these findings indicate that aberrant activation of the ATM-p53 pathway may contribute to cell cycle impairment, including lengthening of the G1 phase, blunted neuroepithelial expansion, and premature neurogenesis in IsoHD-81Q cerebral organoids.
To test whether moderation of ATM activation can rescue the impairment in neuroepithelium layer formation in HD cerebral organoids, we treated IsoHD-81Q cells with KU60019, an ATM inhibitor [50] , from days 14 to 21 of differentiation and analyzed the cerebral There was no effect of KU60019 treatment on the number of radial structures in IsoHD-30Q organoids. Two-tailed t-test; *p<0.05. organoids at day 28 ( Figure 6B ). We observed significantly improved neuroepithelial progenitor layer expansion in KU60019-treated cerebral organoids compared with DMSO-treated organoids (Figure 6C,D) . These results support a role for ATM pathway hyperactivation in the abnormal neurodevelopment of HD cerebral organoids.
Discussion
Investigating the impact of human genetic variation on neurodevelopmental processes, in particular corticogenesis, using model systems has been challenging to date. This is in part due to the stark differences in the developmental demands between the gyrencephalic human brain and lissencephalic rodents commonly used for disease modeling [51] . Here, we used human cerebral organoids which allow better approximation of the complexity of the developing human brain to investigate the impact of mutant HTT on early neurodevelopment. We show that ventricular zone-like neuroepithelial progenitor layer expansion is blunted in an HTT CAG repeat length-dependent manner. We further demonstrate that mutant HTT impairs cell cycle regulatory processes, leading to increased G1 length along with asymmetric division of neuroepithelial progenitors, resulting in premature neuronal differentiation. Finally, we demonstrate increased activity of the ATM-p53 pathway, an up-stream regulator of cell cycle processes [48] , and show that treatment with ATM antagonists partially rescues the blunted neuroepithelial progenitor expansion in HD organoids. Overall, our findings suggest that HTT CAG repeat length regulates the balance between neural progenitor expansion and differentiation during early neurodevelopment (Figure 7) .
Previous studies examining the role of normal HTT as a scaffold and microtubule-binding protein have shown that it localizes to the poles of mitotic spindles and regulates their orientation during cell division [12] . In line with and supporting our findings, mutant HTT was found to cause spindle misorientation and alter cleavage angle and neural progenitor fate specification in mice [13, 20] . The mechanisms proposed to underlie these abnormalities include altered recruitment and attachment of the motor proteins involved in the alignment and movement of spindle poles during cell division [20] as well as elevated Notch signaling [13] , a pathway known to promote asymmetric division of neural progenitors [52] .
Here we present evidence that elevated ATM-p53 signaling contributes to the altered neural progenitor proliferation/differentiation balance in HD. ATM signaling plays an important role in neural cell cycle control and neurogenesis [53] . ATM was shown to regulate key cell cycle checkpoints and loss of its activity results in increased proliferation of neural progenitors and impaired neurogenesis in ATM KO mice [53] . Our results using hESCderived cerebral organoids demonstrate that under conditions of elevated ATM activity, a converse phenomenon is observed resulting in blunted expansion of neural progenitors and accelerated neurogenesis.
Elevated ATM signaling has been documented in models of HD [49, 54, 55] , although the triggers of this increased activity remain unclear. ATM is activated in response to oxidative stress and DNA damage [48] , and there is evidence supporting a role for these stressors in HD. Expression of mutant HTT has been shown to result in elevated levels of reactive oxygen species [55] , in part due to reduced expression of antioxidant enzymes [54] , which may contribute to ATM activation. Similarly, accumulation of single and double-strand DNA breaks in response to mutant HTT expression has been shown to cause increased ATM activation [56] . Consistent with these observations, we observe CAG repeat lengthdependent increases in reactive oxygen species as well as activation of ATM in response to DNA damage in neural progenitors derived from the IsoHD hESC panel [31] .
In addition to DNA damage and oxidative stress, altered chromatin structure can also 13/26
Increased asymmetric division
Progenitor fate Elevated genome integrity signaling in HD cerebral organoids, likely triggered by a combination of DNA damage, oxidative stress, and altered chromatin structure due to the large expansions of HTT 's CAG trinucleotide repeats, impairs cell cycle regulatory processes, particularly the G1-to-S promoting E2F and c-myc-related pathways, leading to increased G1 length. Concomitantly, altered cleavage angle during mitosis leads to increased asymmetric division of apical progenitors in HD cerebral organoids. Combined, the increased G1 length and asymmetric apical division result in reduced neuroepithelial progenitor expansion and premature neurogenesis in HD organoids. Overall, these ndings suggest that CAG repeat length regulates the balance between neural progenitor expansion and differentiation during early neurodevelopment.
lead to partial ATM activation [48] . A recent study has shown that repeat expansion disease genes, including HTT, localize to boundaries of chromatin domains associated with defined chromatin topology [57] . The study provided evidence in Fragile X syndrome, a disease caused by CGG expansions in the FMR1 gene, that pathological repeat expansions are associated with disrupted chromatin boundaries and, by extension, genomic topography [57] . Thus, it is conceivable that the HTT CAG repeat expansion in HD also leads to altered chromatin structure, triggering partial ATM activation and elevated genome integrity signaling. Whether these mutant HTT-mediated alterations in neurodevelopment contribute to the clinical manifestations of the disease is unclear. A recent study using a conditional mouse model of HD has attempted to address this question [58] . Expression of mutant HTT was restricted to development and terminated at postnatal day 21. This selective exposure to mutant HTT during development was sufficient to precipitate a number of HD-related phenotypes, including enhanced susceptibility to excitotoxicity, striatal degeneration, and progressive motor coordination deficits [58] . These findings suggest that developmental effects of mutant HTT may contribute to the pathogenesis of HD, and highlight the importance of a detailed understanding of the role of HTT during development as well as perturbations to its function when mutated. Notably, the HTT CAG repeat expansions in the range associated with juvenile onset (>60 repeats) appear to elicit neurodevelopmental 14/26 abnormalities most robustly both in our study as well as the aforementioned mouse studies. Overall, these findings suggest that HD, at least in its early-onset juvenile forms, may not be a purely neurodegenerative disorder and that abnormal neurodevelopment may be a component of its pathophysiology. This notion is further supported by several studies in children and adolescent HD gene carriers who are estimated to be decades from onset, showing altered intracranial volume [4] and brain region morphology [5, 6] .
Our findings of premature neurogenesis and neuronal differentiation in HD organoids contrast with those of a recently published study examining the impact of mutant HTT on neurodevelopment using HD hiPSCs [29] . The study reports that HD cortical organoids exhibit a gene expression signature indicative of less mature neuronal development compared to control organoids, concluding that mutant HTT precludes normal neuronal fate acquisition. Despite the differences in findings and conclusions, some similarities exist between the two studies such as the observation of reduced PAX6-positive neuroepithelial cells in HD organoids.
Given that HTT CAG repeat expansions can have severe pathological and fatal consequences, it is puzzling that CAG repeat expansions have not only been retained but favored over evolutionary times. This paradox has been suggested to reflect a beneficial effect of CAG repeat expansions on, amongst other things, nervous system development [59] . This notion is largely based on the observation that organisms with more developed nervous systems harbor HTT alleles with longer CAG repeats [60] . Indeed, humans have the longest known HTT CAG repeat lengths. Our findings now provide a compelling link between neuroepithelium expansion, a cardinal aspect of corticogenesis, and HTT CAG repeat length, highlighting an aspect of HTT biology of potential evolutionary significance.
Materials and Methods
Human ESC and iPSC lines. The IsoHD female hESC lines and HD hiPSC lines (18Q, 71Q, and 109Q) were previously reported [31, 36, 61] . The lines were grown and expanded in feeder-free conditions using mTeSR1 medium (STEMCELL Technologies), at 37°C with 5% CO2. Medium was replaced daily.
Maintenance of IsoHD hESC lines.
Human IsoHD lines 30Q, 45Q, 65Q, and 81Q were generated in-house and were fully characterized [31] . Cell lines were maintained with mTeSR medium. Culture medium was changed every day and cells were passaged every week onto a new plate pre-coated with Matrigel. IsoHD lines were detached using 1 mg/ml Dispase (Invitrogen), and were further dissociated by manual pipetting.
Generation of forebrain organoids. To generate forebrain-specific organoids, a modification of the protocol by Lancaster and colleagues was applied [30] . Human IsoHD cells were detached using Accutase and plated in 96-well ultra-low attachment plates (Corning Costar) at 9×10 3 cells/well in DMEM/F12 with 20% KnockOut Serum Replacement, ROCK inhibitor (10µM), and low-bFGF (4 ng/ml). On day 5-6, half of the culture volume was exchanged into induction medium (DMEM:F12 containing 1× N2 supplement (Invitrogen), 1× non-essential amino acids, 1× GlutaMax, 10 µg/ml heparin (Sigma), and 1× penicillin/streptomycin). On day 11, organoids were quality-checked. Organoids showing clearing of embryoid body borders and formation of radially organized neuroepithelium were embedded in Matrigel (BD Biosciences). Embedded organoids were transferred to a 6-well low attachment plate and maintained in organoid differentiation 15/26 medium (DMEM:F12 containing 1× N2 and B27 supplements (with no vitamin A, Invitrogen), 1× penicillin/streptomycin, 1× 2-mercaptoethanol, 1× non-essential amino acids, and 2.5 µg/ml insulin (Sigma)). To promote consistent forebrain tissue formation, organoids were treated with 1 µM GSK inhibitor (CHIR99021) for three days before embedding in Matrigel. On day 14, plates containing organoids were incubated with shaking (70 rpm) in differentiation medium containing vitamin A and B27 supplement. Media were changed every other day.
Tissue preparation and immunohistochemistry. For fixation, organoids were incubated in 4% paraformaldehyde (PFA) for 30-60 min at room temperature, followed by three washes with phosphate-buffered saline (PBS). The organoids were then incubated overnight in a 30% sucrose solution. Organoids were embedded in gelatin/sucrose solution, frozen in cold isopentane, and sectioned with a cryostat (Leica). For immunostaining, slides were permeabilized with 0.2% Triton-X and blocked in 4% goat/donkey serum in PBS for 1 h. Primary antibodies were diluted in blocking solution and applied to the sections overnight. After washing with PBS-Tween (PBST), secondary antibodies were diluted in blocking solution and applied to the sections for 1 h at room temperature. Finally, sections were washed with PBST and stained with DAPI. All images were acquired an on Olympus FV1000 inverted confocal microscope. The antibodies and dilutions used are listed in Table 1 . Table 2 . Sequences of primers used in qRT-PCR analysis.
Name
Forward (5→3) Reverse (5→3)  hACTIN  GTCTTCCCCTCCATCGTG  GATGGGGTACTTCAGGGTGA  hPAX6  AATAACCTGCCTATGCAACCC  AACTTGAACTGGAACTGACACAC  hOTX2  AGGCTGTAAGTTCCACTGCTCCAA AGGTTGTTTGGAGGTGCAAAGTCG  hFOXG1  TACTACCGCGAGAACAAGCA  TCACGAAGCACTTGTTGAGG  hTBR1  GCACAAGCAGCAAGATCAAA  CAACCAGCAAATGCTTCTCA  hSOX2  ACCAGCTCGCAGACCTACAT  CTCGGACTTGACCACCGAAC  hGSX2  GGGGGCTATAAAATACCCGA  ACATAGAAGGAGCGCGACAT  hNKX2-1 CGCATCCAATCTCAAGGAAT  TGTGCCCAGAGTGAAGTTTG  hKI67 CTTTGGGTGCGACTTGACG GTCGACCCCGCTCCTTTT hGAPDH TTCGACAGTCAGCCGCATCTTCTT GCCCAATACGACCAAATCCGTTGA RNA-Seq and transcriptional analysis. RNA was extracted from organoids using an RNeasy mini kit (Qiagen) according to the manufacturer's instructions. Subsequent library preparation (NEBNext® Ultra™ RNA Library Prep Kit for Illumina) and paired end 2× 150 bp sequencing using HiSeq were performed by Novogene, Hong Kong. Data quality was assessed using FastQC [62] . The reads were aligned to the hg38 genome (Ensembl version 79) using STAR 2.5.2a [63] and quantified using RSEM 1.2.30 [64] . Mitochondrial and ribosomal genes were removed from further analysis to avoid confounding technical factors (e.g., differences in mitochondrial numbers and rRNA abundance). Differential expression was calculated using the Wald test within DESeq2 [65] using tximport [66] . For genes expressed over one transcript per million, differences in expression levels were deemed significant at a BH-corrected 10% false-discovery rate (FDR) level. Fold changes were calculated for IsoHD-81Q with respect to IsoHD-30Q lines. Functional enrichment and de novo motif discovery were performed with HOMER [37] using the list of differentially expressed genes in IsoHD-81Q versus IsoHD-30Q.
Correlation of transcriptome between organoids and human brain development.
The published RNA-seq data of three cortical sub-regions (dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, and orbital frontal cortex) at nine developmental stages (8, 12, 13, 16, 17, 21, 24 , and 37 pcw and 4 months) of human brains were obtained from Allen Brain Atlas (http://www.brainspan.org/static/download.html). This dataset was compared with the organoids RNA-seq data of the current study to assess the degree of transcriptome correlation. For each cortical sub-region, pairwise Spearman correlation coefficients were computed between the different developmental stages of human brains and the IsoHD-30Q and IsoHD-81Q organoids using log normalized gene expression values. The correlation matrices were then colored on the same scale and visualized using R.
FUCCI cell cycle analysis. Lentivirus FUCCI construct pBOB-EF1-FastFUCCI-Puro was a gift from Kevin Brindle Duncan Jodrell (Addgene plasmid 86849). For virus production, lentiviral vectors were co-transfected with packaging vectors into 293T cells and the supernatant was harvested and filtered through a 0.45-µm low protein binding cellulose acetate filter. Titers were then determined by infecting 293T cells with a serial dilution of the virus. For a typical preparation, the titer was approximately 1-5×10 6 /ml. hESC-derived neural progenitor cells (2×10 5 ) were incubated in suspension with 1×10 6 viral particles and 8 µg/ml polybrene for 3 h in a 37°C incubator. The cells were then re-plated in 24-well plates and imaged with live-cell imaging Olympus IX-83.
ATM inhibitor treatment.
Organoids were treated with the ATM inhibitor KU60019 (5 µM) from day 14 to day 21 of differentiation. Organoids continued to grow to day 28 after treatment withdrawal. Six organoids for each line were sectioned at 200mm intervals and 5 continuous sections were analyzed. Radially organized tissues greater than 400µm or between 200µm and 400µm were counted for each line.
Western blot. Cells were lysed on ice in RIPA buffer supplemented with protease inhibitor cocktail (Roche). Cell lysates were then sonicated (Qsonica-Q700 Sonicator, Misonix), and clarified by centrifugation at 14,000 rpm at 4°C. Protein extracts were quantified using the Pierce BCA protein assay kit (Thermo Scientific). Equal amounts of proteins were resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were probed with the listed primary and secondary antibodies, and developed using ECL on X-ray film.
Statistical analysis. Unless otherwise stated, data are presented as mean ± standard error of the mean (SEM). Comparisons between groups were assessed using a one-way ANOVA with Fisher's LSD post hoc analysis. Where indicated, pair-wise comparisons were assessed with Mann-Whitney U test or Student's t-test. GraphPad Prism v7 software was used to analyse data for statistical significance. Differences were considered statistically significant when p < 0.05. Neuroepithelial development in chimeric IsoHD-30Q/81Q organoids at day 28. Organoid sections were stained for GFP a PAX6. Figure S5 . Neuroepithelial development in GFP-labeled IsoHD-30Q organoids. Neuroepithelial development in IsoHD-30Q/30Q-GFP organoids at day 28. Organoid sections were stained for GFP and PAX6.
